ii.
interactions in living cells, using budding yeast as a model organism.
Introduction
Conjugation of the small protein ubiquitin to other cellular proteins, a process termed ubiquitylation, regulates the homeostasis and activity of thousands of proteins in eukaryotic cells (1-3). It is achieved through a hierarchical network of enzymes that comprises ~30 ubiquitin-conjugating enzymes (E2s) and more than 600 known or putative ubiquitin ligases (E3s) in human cells (4, 5). In this network, E2s carry activated ubiquitin, while E3s allow the transfer of ubiquitin from E2s to substrate proteins. E2s and E3s can also conjugate ubiquitin to ubiquitin moieties already attached to substrate proteins, which leads to the assembly of polymeric ubiquitin chains. In ubiquitin chains, any of the seven lysine residues of ubiquitin or its N-terminus can be modified by a subsequent ubiquitin. Substrate proteins can thus be modified by mono-ubiquitin moieties or by various types of poly-ubiquitin chains that can be complex and contain heterogeneous ubiquitin-ubiquitin linkages (6). It is now well established that the nature of the ubiquitin modification attached to a substrate protein encode distinct molecular signals that trigger different responses in the cell. Deciphering how this ubiquitin code is written by E2s and E3s and interpreted by the cell machinery is thus a central question in the field (7).
Structural and biochemical studies have revealed many details on the interaction and catalytic mechanism of individual E2s and E3s, but an important challenge is to understand how these enzymes operate at a network level in living cells. For instance, when investigating the activity of a given E3, it is critical to exhaustively describe the range of E2s that can function with this E3. This is not easily done, since we are currently not able to accurately predict which E2s and E3s can interact with other and conventional biochemical methods such as immunoprecipitation often do not succeed to capture E2-E3 interactions due to their low affinity. Yeast two-hybrid approaches are able to detect weak interactions and have been used with some success to systematically assay the human E2-E3 interactome (8, 9). However, these screens did not identify E2 partners for numerous E3s, which may in part be due to the fact that many E3s function as heterodimers or as large protein complexes that are not reconstituted in a yeast two-hybrid assay. For instance, E2 partners of the human BRCA1-BARD1 heterodimeric E3 complex could only be identified by yeast two-hybrid when using a bait construct consisting of the catalytic domains of BRCA1 and BARD1 fused in a single polypeptide that folds into a correct E3 structure (10). To overcome this limitation, we recently introduced the use of bimolecular fluorescence complementation (BiFC) as a mean to assay E2-E3 interactions in their native cellular context (11). BiFC is a protein-fragment complementation assay where two proteins of interest, here an E2 and an E3, are fused to complementary N-and C-terminal fragments of a fluorescent protein reporter (reviewed in (12-16) ). Upon E2-E3 interaction, the fragments of the fluorescent protein are brought into close proximity, allowing them to fold and to reconstitute an active fluorescent protein, which can then be detected using fluorescence microscopy ( Fig. 1) .
In this chapter, we describe critical aspects on the design of BiFC experiments and present imaging conditions and image processing steps for sensitive detection and quantification of BiFC complex formation in budding yeast (protocols describing how to implement BiFC experiment in other model organisms have been described elsewhere, see for instance (17) (18) (19) and Note 1). The sensitivity of fluorescence microscopy experiments in yeast is limited by the background fluorescence (autofluorescence) of the cells that hinders the detection of weak fluorescence signals of interest. This is particularly an issue in BiFC experiments as only a fraction of the fusion proteins form BiFC complexes. The fluorescence intensities produced by BiFC complexes are thus typically less than 10% of the fluorescence intensity that would be produced by the corresponding proteins fused to an intact fluorescent protein (14). In the method section, we therefore first describe how to cultivate yeast cells to minimize cell autofluorescence and how to setup imaging conditions to lower its contribution in the images.
We then describe an image processing workflow to digitally subtract autofluorescence from BiFC images and quantify BiFC signals in single cells (Fig. 2) . Overall this method enables sensitive visualization and quantification of E2-E3 interactions in budding yeast.
Critical considerations and design of BiFC experiments in yeast
1.1.1 Advantages and limitations of BiFC Excellent reviews have described in details the characteristics, advantages, and limitations of BiFC (12-16). In addition to the ease with which it can be implemented, an important asset of BiFC over other methods used to monitor protein-protein interactions (PPIs) in living cells is its ability to detect very weak PPIs, with dissociation constants up to 1mM (20, 21). BiFC is thus perfectly suited to reveal E2-E3 interactions that have dissociation constants in the micromolar range (4). This ability of BiFC to detect weak interactions originates from the fact that the reconstitution of a fluorescent protein from its complementary fragments is essentially irreversible (Fig. 1) . This property has been documented in vitro and in vivo with several fluorescent proteins, including the widely used variant of the yellow fluorescent protein Venus (see (22) and references therein). BiFC thus acts as a trap that captures PPIs.
Inevitably, it can also capture nonspecific protein-protein collisions that occur randomly in the cell, leading to false positive fluorescence. This caveat of BiFC is particularly problematical when proteins are highly expressed or locally concentrated as this leads to higher collision frequencies (23). BiFC is therefore a valuable method to investigate E2-E3 interactions in the context of living cells, but adequate controls (see below) and independent assays are required to demonstrate that the detected interactions are indeed specific and biologically meaningful. 3. Sterile 14 mL round-bottom culture tubes or sterile U-shaped 2 mL 96-deepwell plates (to be sealed using sterile air-permeable sealing films for cell culture). 3. Low-fluorescence medium (LFM): 2 g Dextrose, 10 mL 10X low-fluorescence nitrogen base nitrogen base, 10 mL 10X amino acids in 100 mL dH2O. Filter sterilize. 
Autofluorescence channel(s):
To be able to digitally subtract autofluorescence from BiFC channel images, it is necessary to record independent images of the cell autofluorescence. The image acquisition settings for those images should be designed to maximize the ratio of the light collected from autofluorescence over BiFC fluorescence (seeNote 9). Excitation may be performed using a passband away from the excitation peak of the fluorescent protein. In addition, to achieve accurate autofluorescence subtraction, it can be beneficial to define several autofluorescence channels.In our experiments, we typically use two autofluorescence channels, acquired with 458nm and 514nm excitation lasers and 500-540 nm and 480-505 nm bandpass emission filters, respectively (seeFig. 4). Importantly, the primary autofluorescence channel will be used for segmentation of the cells (see below and Fig. 3) . It should have a good signal-to-noise ratio and should enable to clearly recognize the contour of the cells.
Subcellular compartment channel:
We recommend acquiring images of a subcellular compartment of interest stained with a protein marker fused to a red fluorescent protein. For instance, we routinely use Rpn7-tDimer2 as a nuclear marker (Fig. 3) . We acquire these images simultaneously with the BiFC channel images using a 561 nm excitation laser and a 580-630 nm band-pass emission filter. These images need to have a sufficiently good signal to noise ratio to enable segmentation (see below).
Confocal-specific settings:
Pixel size and pinhole diameter need to be carefully adjusted as these parameters strongly influences the quality of the images. Larger pixels yield brighter images with better signal-to-noise ratios. For sensitive quantification of weak BiFC signals, it is therefore beneficial to increase pixel size, even if this is at the cost of a reduced spatial resolution. We routinely use 0.25 mm wide pixels. Similarly, opening the pinhole allows more light to reach the photodetector and yields brighter images.
Image processing and BiFC signal quantification
Image processing is used to digitally subtract autofluorescence from BiFC channel images and to produce quantitative BiFC measurements in single cells. The workflow of the image processing steps is schematized in Fig. 2 . It can be automatized using macros or plug-ins in ImageJ and Fiji (seeNote 10), or pipelines in CellProfiler.
Image segmentation
The first step in image processing is segmentation. The procedure described here produces 4 binary images (seeFig. 3) that are then used to select the pixels to include in fluorescence measurements.
1. Open the image acquired with the primary autofluorescence channel.
Apply a spatial filter to remove pixel noise and small objects in this image (seeNote 11).
Duplicate the filtered image.
3. Threshold the filtered image: Set the lower threshold to the minimum pixel intensity of the image and adjust the upper threshold value to produce a binary image corresponding to background regions of the image field (see Note 12). The selected threshold value should be sufficiently low to ensure that the selected pixels do not contain any fluorescence from cell edges. Divide the resulting image with 255 (see Note 13). This step produces a binary mask that will be used to quantify background intensity (see below).
4. Threshold the duplicated filtered image: Set the upper threshold to the maximum pixel intensity of the image and adjust the lower threshold value to produce a binary image corresponding to the cells (seeNote 12). The threshold value selected here should be higher than the threshold used in step 3 and enable to nicely delineate the contour of individual cells.
Optional step:
Improve the binary image produced in step 4 by applying morphological operators. For instance, performing an erosion followed by dilation smooths objects and removes isolated pixels.
Apply a watershed transformation. This operation is essential to individualize cells that are
touching each other and that could not be separated by thresholding. This step produces a binary image that will be used to identify individual cells for BiFC fluorescence quantification (see below). This produces the binary mask that will be used to quantify fluorescence signals in this compartment (e.g., the nucleus) (see below).
9. Invert the subcellular compartment binary image produced in step 7, multiply it with the binary image produced in step 6 and divide the resulting image by 255 (see Note 13). This produces the binary mask that will be used to quantify fluorescence signals in the rest of the cell (e.g., the cytoplasm) (see below).
Background subtraction
Background must be subtracted from BiFC and autofluorescence channel images before further processing (seeNote 14). 
Autofluorescence subtraction
This step aims to remove autofluorescence signals from the BiFC channel image, which significantlyimproves the detection and quantification ofweak BiFC signals (Fig. 4) . To this end, the autofluorescence channel images are rescaled and subtracted from the BiFC channel images. The identification of a correct rescaling factor for each autofluorescence channel is done empirically using images of no-BiFC control cells (seeNote 3). Once such factors have been identified, they can be applied to all other images acquired in identical conditions. indicates that a rescaling factor is too small, while a negative mean indicates that a rescaling factor is too large. In addition, the standard deviation of pixel intensities in the entire image should be as low as possible and should be equal to the standard deviation of pixel intensities in background regions. Therefore, correct rescaling factors can be identified by minimizing both the absolute value of the mean and the standard deviation of all pixel intensities in the subtracted image.
5. Once each rescaling factor have been identified using images of no-BiFC control cells, they can be applied to subtract autofluoresence in other images acquired in identical conditions by repeating steps 1-3 with these images. 7. Repeat the operations described in step 6 using the image produced in step 3 and the corresponding binary mask. This calculates the BiFC fluorescence intensity in the rest of the cells.
8. Repeat steps 1-7 with background subtracted images of the primary autofluorescence channel. This enables to identify cells that display an abnormally high or low fluorescence (e.g., as dead cells or out of focus cells, respectively) and to eliminate them in further analysis. It is also interesting to measure other cell properties such as size and shape parameters to be able to relate differences in BiFC intensities with different cell types. 6. To reduce yeast autofluorescence and avoid cell cycle synchronization it is best to keep cells actively growing (OD600 below 2) for several generations prior to imaging. To achieve this, overnight yeast cultures need to be inoculated at a low density so that they are not overgrown in the next morning. The exact OD600 at which the cultures are inoculated needs to be determined according to each strain generation time, which is ~2 hours for wild-type haploid laboratory strains when cultivated at 25°C.
7. Yeast imaging is performed in LFM medium (50), which does not contain riboflavin and folic acid and is therefore less autofluorescent than minimal media prepared from complete yeast nitrogen base (YPD is highly autofluorescent and must be avoided in fluorescence microscopy). Yeast should be cultivated in LFM medium a few hours prior to imaging. The image segmentation procedure described in this chapter uses the raw images acquired with the primary autofluorescence channel and with the subcellular compartment channel to produce four types of binary images. The autofluorescence image is first processed to select either the lower intensity pixels, which produces a binary image of the background pixels (background mask), or the higher-intensity pixels, which produces a binary image of the cell pixels (cell mask). Similarly, the subcellular compartment image (here Rpn7-tDimer2) is processed to select the higher-intensity pixels, which produces a binary image of the subcellular compartment pixels (e.g., nucleus mask). Combining this image with the cell mask enables to produce a binary image of the rest of the cell (e.g., cytoplasm mask). The interaction between VC155-Ubc6 and Asi3-VN173 (top row) produces a BiFC signal at the nuclear rim that can be easily detected in the background-subtracted image and that is improved after autofluorescence subtraction. In contrast, the interaction by between VC155-Ubc6 and Asi1-VN173 (bottom row) produces a BiFC signal that is barely detectable without autofluorescence subtraction.
